In salmonid fishes, the tendency to return to the natal site for breeding leads to reproductively isolated, locally adapted populations. In addition to this isolation-by-space, the heritability of breeding date can result in temporal segregation or isolation of breeding units. We examined the interaction between breeding location (spatial segregation) and arrival date (temporal segregation) for two fitness-related traits, reproductive life span and body size, of sockeye salmon (Oncorhynchus nerka (Walbaum in Artedi, 1792)) in a small Alaskan stream. Analysis of data on tagged individuals over 9 years revealed that both males and females arriving early to the spawning grounds tended to spawn farther upstream than those arriving later, demonstrating the potential for segregation in time and space within the population. Both body length and reproductive life span also consistently varied with arrival date. Larger males and females entered the stream before smaller individuals, and individuals of both sexes that arrived early lived longer in the stream than those that arrived later. However, neither reproductive life span nor body size varied significantly with breeding location, indicating that the linkage between spatial and temporal structure in this breeding population is incomplete, and that segregation in time may currently be the dominant component of within-population structure.
Introduction
Migratory events, homing, and life-history traits associated with breeding habitats are important in determining reproductive opportunity and success in a wide variety of animals. Many species exhibit long-distant migrations and then return to their natal site to breed (Dingle 1996) , including sea turtles (Hays et al. 2003) , shorebirds (Battley et al. 2004) , albatross (Hyrenbach et al. 2002) , and salmonid fishes (Groot and Margolis 1991; Dittman and Quinn 1996; Quinn et al. 1999; Quinn 2005) . The tendency to return to natal sites for spawning is often referred to as philopatry or homing. The resulting isolation-by-space facilitates the evolution of locally adapted breeding populations as sitespecific regimes of selection act on heritable traits. This phenomenon has been extensively studied in anadromous salmonids; these fishes migrate long distances from the ocean to natal freshwater spawning grounds (Taylor 1991) . Research has revealed evidence of adaptation to local conditions, including a wide variety of biotic and abiotic factors. For instance, sockeye salmon (Oncorhynchus nerka (Walbaum in Artedi, 1792)) spawning in discrete sites within a single lake system vary in traits such as age at maturity, body length, morphology, egg size, fecundity, and timing of spawning (Gard et al. 1987; Rogers 1987; Blair et al. 1993; Quinn et al. 1995 ).
Homing at fine spatial scales is less well understood than that at coarser scales (Hendry et al. 2004) , but experiments have shown that salmonids can home to regions within a single large river (Wagner 1969; Cramer 1981) and even return to a specific site in a small stream where they emerged as fry (Quinn et al. 2006a ). The spatial distribution of individuals on the spawning grounds is a balance between the fine-scale homing and localized movement related to habitat selection, competition, and breeding behavior. Females must select, prepare, and defend nesting sites, and a large literature has revealed preferences for specific habitat features such as water depth, gravel size, and water velocity (Quinn 2005) . There may be compromises between homing and habitat selection, and this may be further complicated by density-dependent processes because females compete for breeding space and males compete for access to females for breeding (Quinn 2005) . Nevertheless, fine-scale homing might result in some genetic structuring owing to spatial clustering of related individuals on the spawning grounds within a population.
Another mechanism of population structuring occurs when individuals are isolated in time. Isolation-by-time occurs when breeding dates do not overlap (Brykov et al. 1999; Hendry et al. 1999; Hendry and Day 2005) and can lead to adaptation-by-time if selective regimes vary temporally. This phenomenon occurs among salmon populations breeding in major river systems such as the Fraser (Killick 1955) , Skeena (Takagi and Smith 1973) , and Copper (Merritt and Roberson 1986) rivers. However, there is also potential for isolation-in-time to occur within populations because spawning date is highly heritable (Siitonen and Gall 1989; Hansen and Jonsson 1991; Smoker et al. 1998; Quinn et al. 2000; Sato et al. 2000; Dickerson et al. 2005 ) compared with other traits in salmonids (Carlson and Seamons 2008) . The restriction on gene flow that occurs owing to temporal segregation allows adaptation to differing selective regimes (Woody et al. 2000; Hendry et al. 2004) , suggesting the potential for adaptation-by-time within salmon populations (Tallman and Healey 1991) , even at very small spatial scales (e.g, Hendry et al. 1995) .
Date of arrival to the breeding grounds is linked to many important traits in salmonids. Individuals arriving early to the spawning grounds tend to be older and larger than late breeders (Shearer 1990; McKinnell et al. 1994; Quinn et al. 2006b ), and they also tend to live longer than later arriving fish in the semelparous species (McPhee and Quinn 1998; Hendry et al. 1999; Dickerson et al. 2002; Carlson et al. 2004 . In addition, males tend to enter before females (Morbey 2000) may move more on the spawning grounds (Healey and Prince 1998; Rich et al. 2006; Anderson and Quinn 2007) . Finally, females may return and breed closer to their natal site than males (Neville et al. 2006) . However, it is unclear whether the relationship between traits associated with arrival date and breeding location contributes to fine-scale population structuring.
The overall objective of this study was to examine the spatial and temporal structuring in life-history traits among sockeye salmon spawning in a small stream in southwest Alaska. Specifically, we tested the prediction that arrival timing and spawning location are linked. Once this relationship was defined, we more closely examined the contributions of spatial and temporal structuring separately on two fitness-related traits, body length and reproductive life span, predicting that these traits would systematically vary with arrival date (adaptation-by-time) and spawning location (adaptation-by-space).
Materials and methods

Study site and tagging methods
Hansen Creek is a small, spring-fed tributary to Lake Aleknagik in the Wood River System, Bristol Bay, Alaska. It is approximately 2 km long, averages 3.9 m wide and 10 cm deep, and is fed by small spring ponds and a larger beaver pond (Fig. 1) . The habitat has not been altered by human activities, and this stream supports a dense population of sockeye salmon, averaging 9319 adults each year over the past decade (University of Washington, unpublished data), despite a fishery that took over 50% of the district-wide run in most years (Alaska Department of Fish and Game, unpublished data). The stream's small size and clear water make it ideal for daily surveys and visual observations of tagged fish Rich et al. 2006) .
To determine the spatial and temporal patterns of arrival and associated life-history traits on spawning grounds, we utilized data from a long-term (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) tagging study conducted on Hansen Creek sockeye salmon. Density might affect spatial distribution of spawning (i.e., suboptimal habitats might only be used at high densities, when optimal habitats were crowded), so our multiyear study allowed us to examine spatial and temporal patterns among phenotypic traits on the spawning grounds over a range of densities. The salmon first arrive at Hansen Creek around 18 July and the population builds quickly to a peak arrival (around 5 August), and by about 20 August in most years virtually all salmon have ceased to enter and have spawned and died; this pattern is consistent among years (Fig. 2) . In each year we used a seine net to capture approximately 200 mature sockeye salmon (the only Pacific salmon species that uses Hansen Creek) as they schooled at the mouth of the creek, anesthetized them with buffered MS-222 (permitted by the University of Washington Institutional Animal Care and Use Committee and the Alaska Department of Fish and Game), measured them for length (mid-eye to hypural plate), tagged them with individually lettered plastic disc tags (2.5 cm diameter), noted the sex of the fish, and released them back into the lake at the point of capture. Our goal was to observe individuals entering the creek over the full range of arrival dates, but in many years the tagging took place on a single date, towards the beginning of the season, and these fish tended to enter the creek in the early part of the run. To better represent the entire population, salmon were tagged on more than one date in several years (2002) (2003) (2004) 2007) with the best coverage of the entire run in 2007 (four tagging periods distributed across the full range of arrival dates, n = 348). Over all years, a total of 2335 salmon were tagged and their fates were determined; however, absolute numbers of spawning salmon varied greatly among years (Table 1) .
Data collection and analysis
Hansen Creek was surveyed daily from the first date of arrival until the end of the spawning period in 1999-2007.
When a tagged fish was observed, it was identified, and its location in the stream and status were recorded. Hansen Creek provides optimal spawning habitat for sockeye (Quinn 2005) and is fairly uniform in substrate type, depth, and width, although the small spring-fed pond has deeper water and finer substrate than the creek itself (Table 2) . Data collection and analysis were conducted on two different spatial scales. For the finer spatial scale, observations were recorded within 30 m sections, defined by flagging or handheld GPS units (Rich et al. 2006) . On the larger spatial scale, Hansen Creek was divided into six different reaches based on similarity of habitat attributes. Starting at the lake and proceeding upstream, there is first a very shallow (~4 cm or less) delta at the mouth of the creek that the salmon must ascend to reach the spawning grounds. This delta varies in length with lake level but is on the order of 10-30 m. The first reach used for spawning is the lower section, extending 0.96 km. The middle section begins with a narrower and more rapid reach and extends another 0.60 km upstream to the point where a small tributary (27.5 m long and 2.0 m wide) enters from a spring-fed pond that is~510 m 2 and averages 18.7 cm deep (Stewart et al. 2004 ). The upper section of Hansen Creek continues upstream from the middle section for another 0.36 km to the base of a large beaver dam, effectively the beginning of the creek. In some years no salmon were able to enter the beaver pond, but in some years up to several hundred negotiated the dam and entered the pond. However, the beaver pond is much too large, complex, and the bottom contains too much silt for accurate surveys, so only individuals observed in the lower, middle, spring-fed pond, and upper sections were included in this analysis. Individuals observed in the mouth of the stream were not included because no spawning occurs there. Live fish were observed and categorized as migrating (actively moving upstream, not associated with a spawning site) or engaged in courtship, competition, or other forms of reproductive activity. We categorized the females as having completed spawning or not, based on physical appearance, but the males continue courtship during their entire lives in the stream so no such categorization was possible for them. At death, tagged fish were recorded as senescent, bearkilled, stranded, or gull-killed , and their tags were removed. We defined arrival date as the first date that a tagged fish was observed in the stream. Reproductive life span was calculated for only the individuals found dead of senescence by subtracting the date the fish was observed dead minus the date of entry. For calculation purposes, the fish was considered to have been in the stream on both the days it was first and last seen. Thus a fish that entered on 10 July and was found dead on 20 July had an in-stream life span of 11 days.
Because movement patterns are sensitive to the scale on which fish are observed (Rich et al. 2006) , spawning location of tagged fish was determined differently for the two different scales. On the larger reach scale (e.g., lower, middle, pond, upper), spawning location was recorded if a salmon was actively engaged in courtship in that reach or if it was seen in the same reach for more than 3 days even if no direct behavior observations were recorded. A total of 798 sockeye salmon from 1999 to 2007 fit these criteria (Table 1) . For the finer 30 m scale analysis, a salmon's location was recorded if it was seen in the same 30 m reach for 3 or more days or if it was actively engaged in courtship behavior. A total of 645 individuals from 2001 to 2007 fit these criteria (no fine-scale data were available from 1999 and 2000; Table 1 ). All variables used in the following analyses were tested for the assumptions of normality.
For some of the analyses all of the criteria were not required and so we were able to incorporate more years and more individuals into the analyses (see below). For example, if a female salmon arrived in the stream and completed breeding but was killed by a bear, we could use the data on length, sex, arrival date, and breeding site but not reproductive life span; if a male salmon was killed while migrating upstream, we could use the data on length, sex, and arrival date but not breeding site or reproductive life span. The arrival patterns of males and females were examined separately for 1999-2007 from daily arrival counts. The number of sockeye salmon arriving each day was calculated as follows: (that day's live count + that day's dead count) -(the previous day's live count). Dead salmon were removed from the stream daily to prevent repeat counting. Using these daily data, differential arrival was measured as the area (in units of days) between the cumulative percent distribution of male arrival dates (M(t)) and female arrival dates (F(t)) (Morbey 2000) :
where T is 1 year and dt = 1 day. This calculation represents the number of days lag between the arrival of an equal proportion of males and females, with positive values representing the earlier arrivals of males. In most years (7 of 9) males arrived before females, so the sexes were considered separately in subsequent analyses.
Spawning location was correlated with standardized and relative arrival date, body length, and reproductive life span on two different spatial scales that required different sets of data. Arrival date for each individual, A y , was treated two different ways statistically in these analyses to account for variation in arrival dates among years. Standardized arrival date was treated with a Z score transformation to standardize arrival dates among years:
The resulting standardized arrival dates had a mean of zero and a standard deviation of one, facilitating comparisons among years. Relative arrival date was calculated as the arrival date for each fish minus the arrival date of the first fish to enter in that year to facilitate comparisons among years (initial arrival dates ranged from 15-22 July). For the reach-scale analyses, records from 798 individuals from 1999 to 2007 were analyzed with an ANOVA to determine if sockeye salmon that spawned in different reaches (lower, middle, pond, or upper) of the stream differed in standardized arrival date. At the finer 30 m scale, 645 records from individuals were used in a linear regression model to determine if spawning location (measured as distance upstream from the beginning of the lower section) was correlated with arrival timing. Because this analysis de- The resulting standardized lengths had a mean of zero and a standard deviation of one, facilitating comparisons among years. This standardized length for each fish indicated its size, relative to the mean length of tagged fish (separated by males and females) in that breeding year. Correlation analysis was conducted to assess the relationship between standardized length of males and females and their standardized and relative arrival dates into Hansen Creek.
To determine if fish that arrived on the spawning grounds early and late differed in reproductive life span, a correlation analysis was conducted on data from 363 individuals from 2001 to 2007. Only individuals that died of senescence were used for this analysis (excluding those killed by bears and gulls and those that became stranded).
Adaptation-by-space: Do body length and reproductive life span vary with breeding site?
To determine whether there was spatial variation in body length and reproductive life span, the relationship of each of these traits and breeding location was determined at the 30 m scale and at the larger reach scale (lower, middle, pond, upper). Correlation analyses were conducted on the fine-scale spawning location data to test the prediction that males and females of different lengths spawned in different regions of the stream. Standardized body lengths and corresponding fine-scale (30 m sections) spawning locations were gathered from 645 individuals (including males and females). At the reach scale, an ANOVA was conducted on male (n = 445) and female (n = 323) standardized lengths from 1999 to 2007 to determine if they spawn in different reaches of the stream.
Correlation analysis was conducted to determine if duration of in-stream reproductive life span of males and females differed by spawning locations. Only individuals that died of senescence were used for this analysis (363 individuals from 2001 to 2007). At the reach scale, an ANOVA was conducted on male (n = 228) and female (n = 177) reproductive life-span data from 1999 to 2007 to determine if this trait varied with spawning location. To further determine spatial and temporal contributions to body length and reproductive life span, two multiple linear regressions were conducted on relative arrival date and spawning location (30 m scale). The first assessed standardized body length as the dependent variable and the second used reproductive life span as the dependent variable. (Fig. 2) , and early arriving fish tended to breed farther upstream than later arriving fish (Fig. 3) . Individuals spawning in the spring-fed pond and upper reach of Hansen Creek arrived simultaneously (mean = 27 July in both areas) and earlier than individuals spawning in the lower and middle reaches of the stream (mean = 1 August for both reaches) (ANOVA: F [3, 570] = 31.44, p << 0.001, n = 798). Results from the finer scale data (2001) (2002) (2003) (2004) (2005) (2006) (2007) ) corroborated those at the larger scale and showed that individuals that arrived earlier spawned farther upstream than those arriving later using both standardized arrival date (Pearson's correlation coefficient; males: r = -0.33, p << 0.001, n = 367; females: r = -0.31, p << 0.001, n = 278) and relative arrival date (males: r = -0.42 p << 0.001, n = 367; females: r = -0.39, p << 0.001, n = 278). The mean relative arrival date was calculated for each 30 m section of the stream to illustrate the pattern (males: r = -0.58, n = 56; females: r = -0.57, n = 50). Linear regression models were also run on each year individually (from 2001 to 2007), and all years showed similar patterns of earlier arriving individuals spawning farther upstream than later arriving individuals.
Results
Salmon entered Hansen Creek over about 4 weeks
Correlation analysis indicated that both standardized body length and reproductive life span varied with standardized and relative arrival date (Figs. 4a, 4b) . Larger individuals entered Hansen Creek before smaller individuals of both sexes (standardized arrival date -females: r = -0.11, p = 0.003, n = 697; males: r = -0.10, p = 0.002, n = 1002; relative arrival date -females: F [1, 695] = 7.99, p = 0.005; males: F [1, 960] = 6.71, p = 0.009). The mean standardized length was calculated for each date of arrival from 1999 to 2007 and this also revealed larger fish arriving earlier (females: r = -0.40, p = 0.041, n = 26; males: r = -0.66, p < 0.005, n = 28). The variance in life span decreased as a function of arrival date in both sexes, so we log e -transformed the life-span data and ran the linear regression with the transformed data. This analysis indicated that early arrivals lived longer in the stream than later arrivals (standardized arrival females: r = -0.50, p << 0.001, n = 164; males r = -0.33, p << 0.001, n = 199; relative arrival date: females: r = -0.36, p << 0.001, n = 164; males r = -0.38, p << 0.001, n = 199).
We then tested whether body length and life span varied as a function of breeding location in Hansen Creek. There was some relationship between standardized body size and reproductive life span with breeding location, but the evidence was weaker than with relative arrival date. The best fit line of the correlation between standardized length and spawning location for females was not significant (r = -0.04, p = 0.51, n = 278), and although the slope for males was statistically significant and negative (r = -0.209, p = 0.04, n = 367), there was little explanatory power in the relationship. The ANOVA with the larger data set from 1999 to 2007 at the reach scale also indicated that males in the upper reach were shorter than those in the pond, and middle and lower reaches (p = 0.015, n = 445), and that there were no significant differences in female length among the different spawning reaches of the stream (p = 0.075, n = 323). Correlation analysis revealed no significant difference in the reproductive life span of individuals spawning in different locations of the stream for either sex (females: r = 0.10, p = 0.17, n = 164; males r = 0.06, p = 0.42, n = 199). Interestingly, both males and females lived significantly longer in the spring-fed pond than in the other sections of the stream (males: F [3, 224] = 15.51, p << 0.001, n = 228; females: F [3, 173] = 15.23, p << 0.001, n = 177). The mean reproductive life span for salmon spawning in the spring-fed pond was 15.9 days for males and 14.3 days for females versus 10.7 days for males and 9.7 days for females in the other reaches of the stream.
Multiple linear regressions supported the results from the single regressions. Models using both body length and reproductive life span as the dependent variables and arrival date and spawning location as the independent variables were each run as full models first. Insignificant terms were removed to determine the most accurate model. Best fit models were chosen using Akaike's information criterion (AIC) values. The best fit model with reproductive life span as the dependent variable for females had only the arrival- date term, for males the best model included arrival date and breeding location. For females, the best fit model with standardized body length as the dependent variable included arrival date as the only significant term, whereas for males the best fit model included both arrival date and breeding location (Table 3) .
Discussion
Life history and behavioral patterns of salmon on the spawning grounds can greatly influence spawning opportunity, success, and subsequent fitness of individuals. This information is important not only for understanding individual fitness, but also is vital in understanding population structure for effective conservation of life-history diversity. Previous studies have documented the importance of arrival date, reproductive life span, sex ratio, and body length to reproductive success and behavioral patterns exhibited on the spawning grounds Dickerson et al. 2002; Seamons et al. 2007 ). The present study links these traits to fine-scale spatial and temporal structure within a single spawning population. The Hansen Creek population demonstrated a unimodal arrival distribution and a continuous spatial distribution (i.e., the entire creek was used for spawning), so there was no true isolation in either time or space. However, significant linkage between life-history traits was evident, primarily with arrival date and, to a lesser extent, with spatial distribution.
Early arriving male and female sockeye salmon were consistently longer than later arriving individuals, and early arriving fish tended to spawn farther upstream than later arriving individuals of both sexes. There are two questions: how did this pattern begin, and how might it be perpetuated? The initiation of the pattern is consistent with a habitat optimization hypothesis, whereby the first individuals to arrive are able to find and spawn in the optimal habitat. Fish that arrive later occupy the best available (unoccupied) spawning habitat. The early arriving fish tended to spawn in the upper reaches of the stream, but we have no direct evidence that these areas are inherently more desirable (i.e., have higher survival rates for embryos). Indeed, in many ways the stream is rather uniform in habitat features with the exception of the spring-fed pond (Table 2) . However, it is plausible that there is a greater flow of hyporheic water towards the top of the stream owing to the hydraulic head from the beaver pond. Groundwater inputs can moderate temperatures and play a role in nest site selection by salmonids (Leman 1993; Curry and Noakes 1995; Baxter and McPhail 1999) .
If the first salmon to arrive in the stream seek a particular habitat, and if their offspring also tend to return early (Hansen and Jonsson 1991; Smoker et al. 1998; Quinn et al. 2000) , certain lineages will tend to occupy a particular habitat. The ability to home at fine spatial scales (Quinn et al. 2006a) will reinforce this tendency. A similar situation was reported for a beach spawning population of sockeye salmon in Iliamna Lake by Hendry et al. (1995) . In that case, the earliest arriving salmon perennially spawn at specific sections of the beach and males will continue to remain at that section even when all females there have completed spawning, despite the presence of ripe females only about 20 m away. Large and long-lived salmon tended to arrive first at Hansen Creek, and these patterns have been observed else- where (Quinn 2005; ). Thus one would expect that the site where settlement first takes place should be occupied by larger, long-lived fish, but our results suggested that this tendency was negligible in Hansen Creek. The stream is exceptionally shallow, causing some fish to become stranded during upstream migration, and the population experiences intense size-selective predation from bears . These factors may have contributed to the fact that large salmon did not tend to occupy the upper section, even though early fish tended to be large and to occupy the upper section. Reproductive life span may also be affected to some extent by the stress in the shallow water, as indicated by the longer in-stream life span of fish in the pond, where the water is deeper and virtually still, compared with the stream.
The final phase of the divergence process can take place if homing is sufficient for the subset of the population to adapt to conditions at the reach to which they home. For example, if temperatures are cooler, then it would be beneficial to spawn earlier to ensure a sufficient incubation period before hatching (Tallman and Healey 1991; Tallman and Healey 1994) , and this might eventually result in distinct breeding timing in sections of a stream. However, owing to homogeneity of Hansen Creek, environmental segregation and related adaptations are unlikely to occur and difficult to prove in such a small system.
Despite the lack of conclusive evidence for any one mechanism for earlier individuals spawning farther up the stream, this pattern's influence on population structure could be substantial. If juvenile salmon emerge from the gravel at a specific location, as adults they may return to the same region of the stream. Clearly, the spatial scale to which salmon home is a critical component in this process, and further information on this subject is needed from genetic techniques (e.g., Bentzen et al. 2001; Neville et al. 2006) or direct marking experiments (Quinn et al. 2006a ). The linkage between arrival timing, spawning location, and life-history traits (see also Hendry et al. 1999; Hendry 2001 ) could be part of a feed-back process leading to segregation by time and space within a stream. If a stream has a discontinuous distribution of suitable spawning habitat (unlike the case in Hansen Creek, where essentially the entire stream is suitable for spawning), spatial segregation could increase. Likewise, if the distribution of spawning dates was very protracted, a bimodal distribution in arrival and spawning timing might develop, ultimately leading to disruptive selection Healey 1991, 1994) . There is no evidence that the sockeye salmon in Hansen Creek are evolving such bimodality; indeed, the spawning period is quite compressed. Population divergence owing to segregation in migration timing, spawn timing, and spawning location has been widely documented at larger scales (i.e., Fraser River, Killick 1955; Skeena River, Takagi and Smith 1973; Copper River, Merritt and Roberson 1986) . Within streams, differences in timing may contribute to segregation between anadromous and nonanadromous salmonids (e.g., rainbow and steelhead trout, Oncorhynchus mykiss (Walbaum, 1792): Zimmerman and Reeves 2000; McMillan et al. 2007 ; sockeye salmon and nonanadromous kokanee: Wood and Foote 1996) . It is therefore important to consider the spatial and temporal linkage to life-history traits at small spatial scales.
The life-history and behavioral patterns discussed here are products of persistent regimes of selection from local biotic and abiotic factors. Hansen Creek is just one of about 50 sockeye spawning populations in the Wood River System, and they vary in many traits, including size and age at maturity, spawning timing, egg size, morphology, and arrival timing. Locally adapted populations are especially important to the conservation of diversity in life-history traits, resilience to environmental and anthropogenic perturbations, and the long-term productivity and sustainability of population complexes (Hilborn et al. 2003) . The diversity of life-history traits and spatiotemporal structure within populations is thus part of a continuum over a wide range of scales that is important for conservation.
